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(57) A method characterized by making modulated 
light having a predetermined modulation frequency 
component, incident to a scattering medium, receiving 
the modulated light having propagated inside the scat- 
tering medium to acquire measurement signals, detect- 
ing signals of the foregoing modulation frequency com- 
ponent from the measurement signals, obtaining ampli- 
tudes and inclinations of phase against modulation an- 
gular frequency, of the signals of the foregoing modula- 
tion frequency component, calculating a difference be- 
tween absorption coefficients being primary informa- 
tion, based on a predetermined relation among the am- 
plitudes, the inclinations of phase against modulation 
angular frequency and the difference between absorp- 
tion coefficients, and calculating a difference of concen- 
tration of an absorptive constituent being secondary in- 
formation, based on the difference between absorptbn 
coefficients. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to an absorptbn information measuring method and apparatus of scattering medium 
and, more particularty, to a method and apparatus for measuring a temporal change or a spatial distribution of con- 
centration of an absorptive constituent in a scattering medium having non-reentrant surfaces. The invention further 
10 concems a method and apparatus for measuring a concentration of an absorptive constituent inside the scattering 
medium by use of light of plural wavelengths. 

Related Background Art 

fs There are very strong demands for non-invasive and precise measurements of absorption information including 

a concentration of a specific absorptive constituent inside a scattering medium like a living body, a temporal change 
or a spatial distributbn thereof, and so on. Attempts of various methods have been made heretofore, including methods 
using continuous wave light (cw light) and nrxxjulated light (for example, pulsed light, square-wave light, sine- wave 
modulated light, etc.), methods utilizing light of different wavelengths (multi-wavelength spectroscopy), and so on. 

20 These conventbnal technologies, however, have developed no methods and apparatus capable of accurately 

measuring the concentratk>n of the specific absorptive constituent inside yet for tissues and organs having varbus 
shapes like the living body or for objects having individual differences of shape though being tissues or organs of a 
same kind. This is a serbus problem in non-invasive measurements of living body utilizing light, and improvements 
therein are strongly desired. 

25 Light incident to the scattering medium like the living body propagates inside as scattered and absortaed therein, 

and then part thereof emerges from its surface. Since the outside of the scattering medium is nonmally air, the light 
emerging from the surface is dispersed in the free space. The light emerging from the surface as described above is 
detected in measurements of intemal information of scattering medium. At this time the propagating light spreads 
throughout the entire region of scattering medium and is dispersed from the whole surface to the outside. Therefore, 

30 when the output light is detected at a specific position in the surface, the quantity or a time-resolved waveform of 
detected light greatly varies with change in the shape of medium, for example, depending upon whether it is a sphere 
or a rectangular parallelepiped. 

In order to enhance the measurement accuracy in the cases as described above, it is necessary to sufficiently 
understand the behavior of tight inside the scattering medium. Recently, the behavior of light inside the scattering 

35 medium is analyzed, tested, or investigated by Monte Cario simulations with a computer. It is also known that the 
behavbr can be described and analyzed accurately to some extent by the photon diffusbn theory. The Monte Carlo 
simulations, however, require an extremely long calculatbn time and do not allow calculation of a concentratbn of a 
specific absorptive constituent inside the scattering medium from their results. In utilizing the photon diffusbn theory, 
it is necessary to set boundary conditions for solving the photon diffusion equation. However, since the boundary 

40 conditbns differ greatly depending upon the shape of scattering medium, new boundary conditions must be set to 
solve the photon diffusbn equatbn for every change in the shape of scattering medium, in order to achieve accurate 
measurement. Scattering media for which the boundary conditions can be set accurately to some extent are limited to 
very simple shapes such as an infinite space, a semi-infinite space, an infinite cylinder, or a slab spreading infinitely 
and having a finite thbkness. As a result, use of approximate boundary conditbns is indispensable to measurements 

45 of living tissues having complicated shapes, whbh is a cause to produce large measuring errors. 

The above problems are also discussed, for example, in the recent literature: Albert Cerussi et al., "The Frequency 
Donrtain Multi-Distance Method in the Presence of Curved Boundaries,' in Bbmedical Optical Spectroscopy and Di- 
agnostics, 1996, Technical Digest (Optbal Society of America. Washington DC. 1996) pp. 24-26. 

As described above, there are no measuring methods of absorptbn information sufficient to be systematically 

50 applied to scattering media of different shapes yet and it was extremely difficult for the conventional technologies to 
accurately and efficiently measure the concentration of a specific absorptive constituent or the like in the scattering 
media of different shapes systematically. 

SUMMARY OF THE INVENTION 

55 

The present invention has been accomplished in view of the problems in the conventbnal technologies described 
above and an object of the invention is to newly discbse a method for describing the behavior of light inside the 
scattering media of different shapes (basic relations) and to provide a measuring method and measuring apparatus of 
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absorption information inside the scattering medium, realizing measurements of change, absolute value, or the like of 
concentration of a specific absorptive constituent in the scattering media of various shapes by use of the relatbns, 
greatly improving the measurement accuracy thereof, and being capable of efficiently measuring a temporal change 
or a spatial distribution thereof. 

5 A first absorption information measuring method of scattering medium according to the present invention is a 

method comprising: (a) making nrKtdulated tight having a predetermined rruxiulatbn frequency component, incident in 
a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated light having 
propagated inside the measured object at a plurality of timings and/or at a plurality of positions in the surface of said 
scattering medium to acquire measurement signals each thereat; (c) detecting signals of said modulation frequency 

10 component each from said measurement signals; (d) obtaining sine components and inclinations of cosine component 
against modulation angular frequency, of the signals of said modulation frequency component obtained in respective 
measurements at said plurality of timings and/or at said plurality of positions; and (e) based on a predetermined relation 
among said sine components, said Incllnatbns of cosine component against modulatbn angular frequency, and a 
difference between absorption coefficients at sakj plurality of timings and/or at said plurality of positions, calculating 

IS said difference between absorption coefficients being prinnary Infonmatbn. 

Also, a second absorption Infonmation measuring method of scattering medium according to the present inventbn 
is a method comprising: (a) making modulated light having a predetemnined modulation frequency component, incident 
In a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated light having 
propagated Inside the measured object at a plurality of timings and/or at a plurality of positions in the surface of said 

20 scattering medium to acquire measurement signals each thereat; (c) detecting signals of said nrxxJulation frequency 
component each from said measurement signals; (d) obtaining cosine components and inclinations of sine component 
against modulation angular frequency, of the signals of said modulation frequency component obtained in respective 
measurements at said plurality of timings and/or at said plurality of positions; and (e) based on a predetemnined relation 
among said cosine components, said lnclinatk>ns of sine component against rrKxiulation angular frequency and a 

25 difference between absorption coefficients at said plurality of timings and/or at said plurality of positions, calculating 
said difference between absorption coefficients being primary infonmation. 

Further, a third absorption informatbn measuring method of scattering medium according to the present inventbn 
Is a method comprising: (a) making modulated light having a predetermined modulation frequency component. Incident 
in a spot shape to a surface of a scattering medium being a measured object; (b) receiving said modulated light having 

30 propagated Inskie the measured object at a plurality of timings and/or at a plurality of positions In the surface of said 
scattering medium to acquire measurement signals each thereat; (c) detecting signals of said nrtodulation frequency 
component each from said measurement signals; (d) obtaining amplitudes and inclinations of phase against nrKxJulatbn 
angular frequency, of the signals of said modulation frequency component obtained in respective measurements at 
said plurality of timings and/or at said plurality of positions; and (e) based on a predetermined relation anrK>ng said 

35 amplitudes, saki inclinatkxis of phase against rrxxJulaton angular frequency and a difference between absorption 
coefficients at said plurality of timings and/or at said plurality of positbns, cabulating said difference between absorptkxi 
coefficients being primary Information. 

Yet further, a fourth absorptbn information measuring method of scattering medium according to the present in- 
vention is a method comprising: (a) making nrxxJulated light having a predetermined rrxxJulation frequency component, 

^ Incident in a spot shape to a surface of a scattering medium being a measured object; (b) receiving said rtKxjulated 
light having propagated inside the measured object at a plurality of timings and/or at a plurality of positions In the 
surface of sakJ scattering medium to acquire measurement signals each thereat; (c) detecting signals of sakJ modulation 
frequency component each from sakJ measurement signals; (d) obtaining phases and inclinations of natural k>garithm 
of amplitude against modulation angular frequency, of the signals of said rTKxlulatk>n frequency component obtained 

45 in respective measurements at said plurality of timings and/or at said plurality of positbns; and (e) based on a prede- 
termined relation among said phases, said inclinations of natural togarithm of amplitude against modulatton angular 
frequency, and a difference between absorptkxi coefficients at said plurality of timings and/or at said plurality of posi- 
tions, calculating said difference between absorptbn coefficients being primary lnformatk>n. 

In the above methods of the present invention, using the difference between absorptk>n coefficients obtained as 

50 described above, a difference of concentration of an absorptive constituent can be quantified based on a predetermined 
relation among this difference between absorptbn coefficients, an absorptkxi coefficient per unit concentration of the 
absorptive constituent, and the difference of concentration of the absorptive constituent. 

In the methods of the present invention modulated light having a plurality of wavelengths may be used. Specifically 
a fifth absorption information measuring method of scattering medium according to the present inventbn is a method 

55 comprising: (a) making a plurality of modulated light beams having a predetermined modulation frequency component 
and having different wavelengths at which scattering coefficients of a measured object are substantially equal to each 
other (equal to each other or regarded as equal to each other), incident In a spot shape to a surface of a scattering 
medium being the measured object; (b) receiving said modulated light beams having propagated inside the measured 
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object at a predetermined position in the surface of said scattering medium to acquire measurement signals for said 
respective wavelengths; (c) detecting signals of said modulatton frequency component each from said measurement 
signals; (d) obtaining sine components and an inclinations of cosine component against nruxJulation angular frequency, 
of the signals of said nrKxJulation frequency component obtained for said respective wavelengths; and (e) based on a 

s predetermined relation among said sine components, said inclinations of cosine component against modulation angular 
frequency and a difference between absorption coefficients at said respective wavelengths, calculating said difference 
between absorption coefficients being prinnary infornoation. 

Also, a sixth absorption infornr^ation measuring method of scattering medium according to the present invention is 
a method comprising: (a) nrtaking a plurality of modulated light beams having a predetermined modulation frequency 

10 component and having different wavelengths at which scattering coefficients of a measured object are substantially 
equal to each other (equal to each other or regarded as equal to each other), incident in a spot shape to a surface of 
a scattering medium being the measured object; (b) receiving said modulated light beams having propagated inside 
the measured object at a predetermined position in the surface of said scattering medium to acquire measurement 
signals for said respective wavelengths; (c) detecting signals of said modulation frequency component each from said 

IS measurement signals; (d) obtaining cosine components and inclinations of sine component against modulation angular 
frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; and (e) 
based on a predetermined relation among said cosine components, said inclinations of sine component against mod- 
ulation angular frequency, and a difference between absorption coefficients at said respective wavelengths, calculating 
said difference between absorption coefficients being primary information. 

20 Further, a seventh absorption information measuring method of scattering medium according to the present in- 

vention is a method comprising: (a) making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object are sub- 
stantially equal to each other (equal to each other or regarded as equal to each other), incident in a spot shape to a 
surface of a scattering medium being the measured object; (b) receiving said modulated light beams having propagated 

2S inside the measured object at a predetermined position in the surface of said scattering medium to acquire measure- 
ment signals for said respective wavelengths; (c) detecting signals of said modulation frequency component each from 
said measurement signals; (d) obtaining amplitudes and inclinations of a phase against modulation angular frequency, 
of the signals of said nrxxjulation frequency component obtained for said respective wavelengths; and (e) based on a 
predetermined relation among said amplitudes, said inclinations of phase against nrK>dulatk>n angular frequency, and 

30 a difference between absorption coefficients at said respective wavelengths, calculating said difference between ab- 
sorption coefficients being prinnary information. 

Yet further, an eighth absorptk>n infonTiatk>n measuring method of scattering medium according to the present 
inventbn is a method comprising: (a) nnaking a plurality of modulated light beams having a predetermined nrxxJulatkxi 
frequency component and having different wavelengths at which scattering coefficients of a measured object are sub- 

35 stantially equal to each other (equal to each other or regarded as equal to each other), incident in a spot shape to a 
surface of a scattering medium being the measured object; (b) receiving said nruxJulated light beams having propagated 
inside the measured object at a predetermined position in the surface of said scattering medium to acquire measure- 
ment signals for said respective wavelengths; (c) detecting signals of said modulation frequency component each from 
said measurement signals; (d) obtaining phases and Inclinations of natural bgarithm of amplitude against modulation 

40 angular frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; 
and (e) based on a predetermined relation among said phases, said inclinatbns of natural logarithm of amplitude 
against modulation angular frequency, and a difference between absorptbn coefficients at said respective wavelengths, 
calculating said difference between absorption coefficients being primary information. 

In the above methods of the present invention using the nrKxiulated light having the plurality of wavelengths, using 

45 the difference between absorption coefficients obtained as described above, a concentratk)n of an absorptive constit- 
uent can be quantified based on a predetermined relatbn anrK>ng this difference between absorption coefficients, ab- 
sorptbn coefficients per unit concentration of the absorptive constituent at the respective wavelengths, and the con- 
centration of the absorptive constituent Saki measurement signals may be also a plurality of measurement signals 
obtained when the light beams are received at a plurality of positions in the surface of said measured object. 

50 A first absorption informatton measuring apparatus of scattering medium according to the present invention is an 

apparatus comprising: (i) a light incidence section for nnaking modulated light having a predetermined nrKxJulation 
frequency component, incident in a spot shape to a surface of a scattering medium being a measured object; (ii) a 
photodetection sectbn for receiving said modulated light having propagated inside the measured object at a plurality 
of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement signals 

^ each thereat; (iii) a signal detecting sectbn for detecting signals of said modulation frequency component each from 
said measurement signals; (iv) a first arithmetic section for calculating sine components and inclinatkjns of cosine 
component against modulation angular frequency, of the signals of said modulation frequency component obtained in 
respective measurements at said plurality of timings and/or at said plurality of positions; and (v) a second arithmetic 
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section for, based on a predetermined relatbn among said sine components, said inclinations of cosine component 
against modulation angular frequency, and a difference between absorption coefficients at said plurality of timings and/ 
or at said plurality of positions, calculating said difference between absorption coefficients being primary information. 
Also, a second absorption information measuring apparatus of scattering medium according to the present inven- 

s Won is an apparatus comprising; (i) a light Incidence section for making modulated light having a predetermined mod- 
ulation frequency components incident in a spot shape to a surface of a scattering medium being a measured object; 
(ii) a photodetection section for receiving said rrKxJulated light having propagated inside the measured object at a 
plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement 
signals each thereat; (iii) a signal detecting section for detecting signals of said nrKxiulation frequency component each 

10 from said measurement signals; (iv) a first arithmetic section for calculating cosine components and inclinations of sine 
component against nrxxJulation angular frequency, of the signals of said modulation frequency component obtained in 
respective measurements at said plurality of timings and/or at said plurality of positions; and (v) a second arithmetic 
section for, based on a predetermined relatbn among said cosine components, said inclinations of sine component 
against modulation angular frequency, and a difference between absorption coefficients at said plurality of timings and/ 

^5 or at said plurality of positions, calculating said difference between absorption coefficients being prinnary infonmation. 

Further, a third absorption information measuring apparatus of scattering medium according to the present inven- 
tion is an apparatus comprising: (i) a light incidence section for making modulated light having a predetermined nrxxJ- 
ulatbn frequency component, incident in a spot shape to a surface of a scattering medium being a measured object; 
(ii) a photodetectk)n section for receiving said modulated light having propagated inside the measured object at a 

20 plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement 
signals each thereat; (iii) a signal detecting section for detecting signals of said modulation frequency component each 
from said measurement signals; (iv) a first arithmetc sectbn for calculating amplitudes and inclinations of phase against 
modulation angular frequency, of the signals of said modulation frequency component obtained in respective meas- 
urements at sakJ plurality of timings and/or at said plurality of positions; and (v) a second arithmetic sectbn for, based 

2S on a predetermined relation among saki amplitudes, said inclinations of phase against modulation angular frequency 
and a difference between absorption coefficients at sakl plurality of timings and/or at said plurality of positions, calcu- 
lating said difference between absorption coefficients being primary informal kxi. 

Yet further, a fourth absorption information measuring apparatus of scattering medium according to present Inven- 
tion is an apparatus comprising: (i) a light incidence section for making modulated light having a predetermined mod- 

30 ulatbn frequency component, inckJent in a spot shape to a surface of a scattering medium being a measured object; 
(ii) a photodetection section for receiving sab rr>odulated light having propagated insbe the measured object at a 
plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire measurement 
signals each thereat; (iii) a signal detecting sectbn for detecting signals of said modulation frequency component each 
from sab measurement signals; (iv) a first arithmetic sectbn for calculating phases ar^d inclinatbns of natural logarithm 

35 of amplitude against modulation angular frequency, of the signals of said modulatbn frequency component obtained 
in respective measurements at said plurality of timings and/or at said plurality of posrtbns; and (v) a second arithmetic 
sectbn for, based on a predetermined relatbn among sab phases, said inclinations of natural logarithm of amplitude 
against nrxxiulatbn angular frequency, and a difference between absorption coefficients at said plurality of timings and/ 
or at said plurality of positbns, calculating sab difference between absorptbn coefficients being primary information. 

40 In the second arithmetic section of the above apparatus according to the present inventbn, using the difference 

between absorption coefficients obtained as described above, a difference of concentratbn of an absorptive constituent 
can be calculated based on a predetennined relatbn among this difference between absorptbn coefficients, an ab- 
sorption coefficient per unit concentratbn of the absorptive constituent, and the difference of concentration of the 
absorptive constituent. 

45 The apparatus of the present invention may be also those using the modulated light having a plurality of wave- 

lengths. Specifically, a frfth absorption information measuring apparatus of scattering medium according to the present 
inventbn is an apparatus comprising: (i) a light incbence section for making a plurality of modulated light beams having 
a predetermined modulation frequency component and having different wavelengths at which scattering coefficients 
of a measured object are substantially equal to each other (equal to each other or regarded as equal to each other), 

50 incbent in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section 
for receiving said modulated light beams having propagated inside the measured object at a predetermined position 
in the surface of said scattering medium to acquire measurement signals for sab respective wavelengths; (iii) a signal 
detecting section for detecting signals of said OKxiulation frequency component each from said measurement signals; 
(iv) a first arithmetic section for calculating sine components and inclinations of cosine component against modulation 

55 angular frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; 
and (v) a second arithmetic section for, based on a predetermined relatbn among said sine components, sab inclina- 
tions of cosine component against modulation angular frequency, and a difference between absorption coefficients at 
said respective wavelengths, calculating said difference between absorption coefficients being primary information. 
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Also, a sixth absorption information measuring apparatus of scattering medium according to the present invention 
is an apparatus comprising: (1) a light incidence sectbn for making a plurality of modulated light beams having a pre- 
determined rrxxJulation frequency component and having different wavelengths at which scattering coefficients of a 
measured object are substantially equal to each other (equal to each other or regarded as equal to each other), incident 

5 in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section for receiving 
said nxxJulated light beams having propagated inside the measured object at a predetermined position in the surface 
of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal detecting 
section for detecting signals of said modulation frequency component each from said measurement signals; (iv) a first 
arithmetic section for calculating cosine components and inclinations of sine component against modulation angular 

10 frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; and (v) 
a second arithmetic section for, based on a predetermined relation among said cosine components, said inclinations 
of sine component against modulation angular frequency and a difference between absorption coefficients at said 
respective wavelengths, calculating said difference between absorption coefficients being primary information. 

Further, a seventh absorption information measuring apparatus of scattering medium according to the present 

IS invention is an apparatus comprising: (i) a light incidence section for making a plurality of rrKxJulated light beams having 
a predetermined modulation frequency component and having different wavelengths at which scattering coefficients 
of a measured object are substantially equal to each other (equal to each other or regarded as equal to each other), 
inckjent in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section 
for receiving said nrKxJulated light beams having propagated inside the measured object at a predetermined posit k>n 

20 in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal 
detecting section for detecting signals of said modulation frequency component each from said measurement signals; 
(iv) a first arithmetic section for calculating amplitudes and inclinations of phase against modulation angular frequency, 
of the signals of said modulation frequency component obtained for said respective wavelengths; and (v) a second 
arithmetic sectbn for, based on a predetemnined relation among said amplitudes, said inclinatbns of phase against 

25 modulation angular frequency, and a difference between absorption coefficients at said respective wavelengths, cal- 
culating sakJ difference between absorptton coefficients being primary informatbn. 

Yet further, an eighth absorption information measuring apparatus of scattering medium according to the present 
inventbn is an apparatus comprising: (i) a light Incbence section for rrvaking a plurality of modulated light beams having 
a predetermined modulation frequency component and having different wavelengths at which scattering coefficients 

30 of a measured object are substantially equal to each other (equal to each other or regarded as equal to each other), 
inckient in a spot shape to a surface of a scattering medium being the measured object; (ii) a photodetection section 
for receiving saki modulated light beams having propagated inside the measured object at a predetermined positbn 
in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; (iii) a signal 
detecting section for detecting signals of said modulation frequency component each from said measurement signals; 

35 (iv) a first arithmetic section for calculating phases and inclinatkxisof natural bgarithm of amplitude against rrKxJu^tbn 
angular frequency, of the signals of said modulation frequency component obtained for said respective wavelengths; 
and (v) a second arithmetk: section for, based on a predetermined relation among said phases, said inclinations of 
natural logarithm of amplitude against modulatkxi angular frequency and a difference between absorption coefficients 
at said respective wavelengths, catoulating saki difference between absorption coefficients being primary information. 

40 In the second arithmetic sectbn of the above apparatus of the present inventbn using the modulated light having 

the plurality of wavelengths, using the difference between absorption coefficients obtained as described above, a con- 
centration of an absorptive constituent can be quantified based on a predetermined relation among this difference 
between absorptbn coefficients, absorption coefficients per unit concentration of the absorptive constituent at the 
respective wavelengths, and the concentration of the absorptive constituent. Also, the photodetection section may 

^ comprise a light receiving section capable of receiving the light beams at each of plural positions In the surface of the 
measured object and in this case, it becomes possible to use a plurality of measurement signals obtained when the 
light beams are received at each of the plural positions in the surface of the measured object, as the aforementioned 
measurement signals. 

The present inventbn will be more fully understood from the detailed descriptbn given hereinbelow and the ac- 
50 company in g drawings, which are given by way of illustration only and are not to be considered as limiting the present 
inventbn. 

Further scope of applbability of the present inventbn will become apparent from the detailed description given 
hereinafter. However, it shouki be understood that the detailed description and specific examples, while indicating 
preferred embodiments of the invention, are given by way of illustration only, since various changes and modifications 
55 within the spirit and scope of the invention will be apparent to those skilled in the art from this detailed description. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram to show the track of the photon having propagated inside the scattering medium. 
Fig. 2 is a schematic diagram of the configuration of the apparatus in the first embodiment according to the present 
s invention. 

Fig. 3 is a graph to show the absorption spectra of hemoglobin and myoglobin. 

Figs. 4A, 4C and 4E are schematic diagrams each showing a method for generating sinusoidal modulated light 
Figs. 4B, 4D and 4F are schematic diagrams each showing sinusoidal modulated light generated by a method 
shown in Figs. 4A, 4C or 4E. 

10 Figs. 5A, 5B, 5C and 5D are schematic diagrams each showing a light incidence method to the scattering medium. 

Figs, 6A, 6B and 6C are schematic diagrams each showing a light receiving method. 

Fig. 7 is a schematic diagram of the configuration of the apparatus in the second embodiment according to the 
present invention. 

Fig. 8 is a schematic diagram of the configuration of the apparatus in the third embodiment according to the present 
IS invention. 

Fig. 9 is a schematic diagram of the configuration of the apparatus in the fourth embodiment according to the 
present invention. 

Fig. 10 is a schematic diagram of the configuration of the light incidence and detection section of the apparatus in 
the fourth embodiment. 

20 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

(Principle of the Present Invention) 

2S First described is the principle of the present invention. The knowledge described below is one first disck>sed by 

the present inventor. 

Various constituents in a living tissue are mixed microscopically inhomogeneously. i.e.. are kxalized. However, 
considering the spectral analysis of living tissue from the medical and biok>gical viewpoints, most cases are satisfied 
by quantifying a specific constituent contained in the living tissue from an optical characteristic in the macroscopic view 

30 of complex living tissue, i.e., from a measurement value measured as a mean value. This idea is seen in the impulse 
response and system function of black box in the linear system theory. Let us conskJer below such an example that a 
homogeneous scattering medium is assumed, light is made incident to a surface thereof, light having propagated inside 
the scattering medium is received at another position to obtain a measurement signal, and a concentration of an ab- 
sorptive constituent contained Inside is quantified from the measurement signal. In this case, the contours of the scat- 

35 tering medium are assumed to be those having non-reentrant surfaces; that is, the medium is of an arbitrary shape 
that keeps diffuse light emerging from the medium from reentering the medium. Further, the incident light is assumed 
to be one having an arbitrary time-resolved waveform. In this case, the incident light of the arbitrary time-resolved 
waveform can be expressed, as apparent from the Fourier transform principle, by superposition of light components 
modulated at various frequencies, and thus the folbwing discussion will be given in the frequency aspect, considering 

40 the incident light of an arbitrary modulatk>n frequency. 

Fig. 1 shows an example of track of a detected photon which has propagated inside a scattering medium or a 
scattering absorptive body. The light is strongly scattered by scattering constituents, so that the optical path of the 
photon is bent in a zig-zag pattern. At this time the Lambert -Beer's law hokis for the zig-zag flight pathlength and the 
intensity of propagating light is exponentially attenuated against the zig-zag flight pathlength (cumulative length). Name- 

^ ly, the flight pathlength (optical pathlength) is given by 1 = ct, where c is the velocity of light in the medium and t is the 
time of flight, and the survival rate of the photon is given by expC-cji^t), where ji^ is the absorption coefficient. When 
the light (light beam) is incident at position P and is detected at position Q. photons having passed through various 
optical paths are detected, and the quantity of detected light being the sum of those photons, which is the survival rate, 
is proportbnal to exp(-c^3t). 

50 Accordingly, light output h(t) obtained with inckience of impulse light into the scattering medium, which is the 

impulse response, is given as follows. 



55 



h{t) = J(^^.^i^,f) = s(^^oexp(-qi^^) 



(1.1) 



In J(^i^,H^,0 = ln s{\i^t)'C^J 



(1.2) 
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^\r^J(^^,^^J)^-ct=-€ (1.3) 

s Here, J is a term representing the impulse response or output light, s{\i^ t) a term representing a response when 

the absorption coefficient \i^ = 0 (which is a response where only scattering exists), and the exponent term exp(-qiaO 
a term representing attenuation due to the at)sorption coefficient The all functions are time-causal functions which 
become zero when t < 0. Further, Is the scattering coefficient. 

The Fourier transfomn of impulse response h(t) indicates the system function. Considering the Fourier transform 

10 of Eq. (1.1) while taking it into consideration that the impulse response h(t) is the time-causal function, we can derive 
the fol towing system function H(a)). 

25 

Here, V\{cyL^, ©) and X(cpa, ca) are the real part (sine component) and the imaginary part (cosine component), 
respectively, and A(c)ia, oo) and 0(cp^, <d) are the amplitude and phase, respectively. A phase delay is the phase with 
the opposite sign. 

Then substituting Eq. (1.1) into Eq. (2) and arranging it, the following equatbns are derived. These equations are 
30 called as the Cauchy-Riennann equations in the complex function theory. 



35 



45 



55 



aH(qi^,Q)) _ aX(c^g,o)) 
dR(c^ ,(o) aX(cn ,(d) 



3(0 ~ 

40 It can be further proved that the following relations also hold when Eq. (3.1) and Eq. (3.2) hold. 

din i4(c^^,a)) d(Kc^g,(o) 



(3.1) 



(3.2) 



3c^^ d© 
din /i(c^g,a)) _ d(t»(qi^,ffl). 



(4.1) 



(4.2) 



SO For calculating the absorptbn coefficient ^i^. which is the primary object of the present invention, either one of Eqs. 

(3.1) to (4.2) may be used. Specifically, it is preferred to use integrations of these equations over ii^, i.e., the following 
equations obtained from the above equations. 



,'?(c^.,.a))=cP'=Mk^dHo-^^(0.o). (5.1) 
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,V(c,,.o)= -cj^'^ £i(£^W^, , ^(O.co) . (5.2) 

J O 0) 



In 



^(c;:,.o)= c/;'^ ^^^^^^du^ + In ^(O.o) . (5.3) 

ceo 



to 



P(c.,.co) = -cjj==iii^4^^dM.^6(0.co). (5.4) 

75 

Here, the second terms in the right sides of Eqs. (5.1) to (5.4) are Integration constants, each of which indicates 
a value at - 0. Described below are methods for calculating information concerning absorption from measured 
values by use of Eqs. (5.1) to (5.4). 

20 (Measurements of concentration change of absorptive constituent) 

Let us consider a case wherein a medium contains one type of absorptive constituent and the absorption coefficient 
thereof has changed from to change in the concentration thereof. Supposing Eqs. (5. 1 ) to (5.4) hold 

before and after the change and s(p^, t) is invariant before and after the change, the following equations are derived 
25 using ^i^i before and after the change. 

^(cp.2.co)-/?(c;:„.co)=cf°^ ^^^^^^-^) dK. . (6.1) 



30 



35 



40 



45 



'(cp.2.co)-^(c;:„.c.)=-cf--- '^^:^°-"^ dp.. (6.2) 

^^c{ £70) 



»n-77 \=^l : ciPo. (6.^) 



•'."ci 5a> 



V-o ■ (6.4) 



With normal scattering media the scattering characteristics may be considered not to change with change in the 
concentration of absorptive constituent. This is just as if ink is mixed in milk. 
50 Next applying the mean value theorem, the following equations are obtained from Eqs. (6.1 ) to (6.4). 



/?{cMa2.a))-/?(c;.„.0)) = c( jx,^- ^,,)M^^|^_^ . (7.1) 
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IS 



fe,,.^)-o(c»,|.c,).-c( M,|) ^'"'""-''' !„ . (7.4) 



Here, n^j (• = 1 . 2, 3, 4) denotes a suitable value satisfying the condition of n^i ^ Mm ^ Ma2 o*' Mai ^ Pxi ^ Ma2- 
The above demonstrates that once we know the modulation angular frequency a> of modulated light used in meas- 
urement and inclinations of the four parameters, dX/doa, DR/dax, dOVdo), dlnA/dco, at = p^r calculate the 
difference between the absorption coefficients before and after the change, Ma2 " Mai ■ values of X, R, A, O 
20 before and after the change (which can be obtained all from obsen^ed values) and the value of c determined by the 
refractive index of the medium and the velocity of light therein. 

In the above case, the above inclinations of the four parameters Bj (i = 1 , 2, 3, 4) at = ^^£P 9B/3a)lmi, can be 
expressed as folbws by use of the inclinations at ^^-j and at ^32- 



25 



30 



Here, pj is a suitable value satisfying the condition of 0 ^ pj ^ 1 . In this case, since Bj are monotonic functions and 
the inclinations at and at are normally nearly equal, Pi = 1/2 may be assumed. 

Further, inclinations of the four parameters at the modulation angular frequency a>| , dBj/dodlco^, can be measured 
by use of nrKxJulated light having two modulation angular frequency components satisfying co = a>, ± Aco/2 (> 0). This 
35 relation can be expressed by the folbwing equation. 



Accordingly, the respective inclinations 38/9(0 of Eqs. (7.1) to (7.4) become as follows when Eq. (9) is substituted 
into Eq. (8) andp,= 1/2. 

45 

50 

-i^tail)- 5,(cp^2.cj, - Acj/2)] (!0) 



55 The above described the method for precisely obtaining dB/do). 

On the other hand, it is empirically known that the approximation of d<E>yda)= CVco can be applied at low modulation 
frequencies (for example, at f = C0/27C =100 MHz or less in measurements of living bodies or the like). This can be 
derived by analyzing the response of a scattering medium having a simple shape by use of the photon diffusion equation. 
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More specifically, boundary conditions are determined for a seminnfinite medium or a medium of a rectangular paral- 
lelepiped having a size over a certain level, and the photon diffusion equation is solved under the determined boundary 
conditions to obtain the inclinations dB/d(o in the right sides of Eqs. (7.1 ) to (7.4), whereby the approximate equations 
of the inclinations 3B/dco can be derived. For example, in the case of the relation of Eq. (7.3), approxinrtation of do/do 
s = oVo holds. Accordingly, at low modulation frequencies, doydm^ O^oo may be applied to Eq. (7.3). In this case, forgoing 
Eq. (7.3) is changed to the following. 

In m — — — ; = - fi«i) — — — (1 1) 

Here, p is a coefficient similar to that used in Eq. (8) and p 1/2 may be normally assumed herein. It is clear that 
for foregoing Eqs. (7.1), (7.2), and (7.4), approximate equations corresponding to the respective equations can also 
be derived in the same manner as above. 
IS For calculating concentration change AV of absorptive constituent, the following equation derived from the Lambert- 

Beer's law is applied. 



eAV = ^^-^^, (12) 

20 

Here, e Is an absorption coefficient (or an extinction coefficient) per unit concentration of absorptive constituent, which 
can be measured by a spectrometer. Changes in concentrations of two or more types of absorptive constituents can 
also be measured using light having two or more wavelengths by the above method. 

The above description clarified the method for measuring the concentration change of absorptive constituent inside 
the scattering medium from Eqs. (7.1) to (7.4) and Eq. (12). It is also possible to conduct the above measurement 
using modulated light of different wavelengths. Accordingly, a temporal change of concentration of at>sorptive constit- 
uent in the scattering medium can be measured while fixing the measuring site. This measurement can be applied to 
measurements of temporal change of concentration of herrxjglobin in a certain portion, and the like. (Measurements 
of concentration change of absorptive constituent or spatial distribution of concentration difference thereof from refer- 
^ ence value) 

It Is also possible to measure a distribution of temporal change of concentration of absorptive constituent inside 
the scattering medium by carrying out the above-stated measurement while moving or scanning the measuring site. 
In addition. It Is also possible to measure a distributbn of difference of concentration of absorptive constituent inside 
the scattering medium with respect to a reference value, by moving or scanning the measuring site along a measured 

^ object while fixing the positions of light incidence and light reception relative to each other, performing measurements 
during the movement, and taking a measured value at an arbitrary positkxi as the reference value. Such measurements 
can be applied to photo-mammography for diagnosis of breast cancer. These measurements according to the present 
invention can be applied to scattering media of various shapes having non-reentrant contours, and specific application 
examples include fluoroscopes, optical CT, clinical monitors utilized in surgery or cure, and soon, as well as the photo- 

^ mammography These examples utilize such methods as light reception at multiple points, scanning of light inckJence 
posltbn and light receiving positbn, and time-sharing measurement as occasion may demand. 

(Measurement of concentratk>n of specific absorptive constituent) 

^ The fol towing describes the measurement with modulated light (of modulation angular frequency ©) from light 

having two wavelengths and A^, i.e., the dual-wavelength spectrophotometry. 

First, let us assume that a scattering medium containing one absorptive constituent has the absorption coefficient 
M^i for light of wavelength ^ and ''9*^^ of wavelength Xg. It is also assumed that the scattering coefficients of 

the medium for the light of wavelengths and X2 are equal or nearly equal to each other. Such condittons are realized 

^ readily by selecting the wavelengths used in measurement. Under these circumstances, similar equattons to Eqs. (6.1) 
to (6.4) are derived from forgoing Eqs. (5.1) to (5.4). However, the definition of absorption coefficients and Is 
different from that in the case of Eqs. (6.1) to (6.4) and and herein mean the absorption coefficients of the 
measured medium for the light of wavelengths and X2. Further, equattons similar to foregoing Eqs. (7.1 ) to (7.4) are 
obtained and the difference between the absorption coefficients of the measured n^edium for the light of the two wave- 

^ lengths, ^a2 ~ ^1 > ^® obtained by use of these equations. 

The concentration V of a specific absorptive constituent is calculated from the betow equation, using the absorption 
coefficients (or extinction coefficients) per unit concentration of the specific absorptive constituent for the light of wave- 
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lengths and X2. and e^. 



Mere, values of and £2 ^® preliminarily measured by the electrometer. Accordingly, the absolute concentration 
V of absorptive constituent can be measured in the exactly same manner as the aforementioned measurement of 
concentration change of absorptive constituent. 

Considering the wavelength dependence of scattering coefficient, for example, the equation corresponding to fore- 
going Eq. (6.3) becomes as follows by use of the scattering coefficients and ^1^2 measured medium for the 
light of the wavelengths and X2. 



15 



20 



30 



r * ^ I d\x . + In + n 



In this equation, however, the wavelength dependence of d€^(o is ignored. Further, is a ratio of intensities 
of incident light at the wavelengths and and Atji^^ , 0, a>) and Afj^ 0, oo) are values at ^ = 0. By this, the following 
equation is attained from Eq. (14) as Eq. (7.3) was. 



^^■7— — -T^4Mc2-Mo!i T -Li-:^-rbi^ (15) 



Also in this case, similarly as in Eq. (7.3), \ij^ \sa suitable value satisfying the condition of ^ ^ ^^l2 ^1 ^ 
^ Mx ^ Ma2 ^ setting bg/b^ = 1 and k = 1 , this Eq. (15) becomes equal to foregoing Eq. (7.3). The coefficient bg/b^ can 
be set to b2/b^ = 1 by adjusting the intensity of incident light. It is also possible to estimate the value of from a 
measured value of the intensity of light source. Further, k = can be derived by solving the photon diffusk)n 

equation for a medium of a simple shape. Here, ^'3^ and fi'32 are transport scattering coefficients at the wavelengths 
and A^, respectively. Accordingly, the difference between the absorption coefficients, p^ " ^® medium con- 
^ taining the specific absorptive constituent for the light of the two wavelengths can be calculated from Eq. (15). Then 
the concentration V of the specific absorptive constituent can be further calculated from Eq. (13). 

If two-point measurements for receiving output light at two positions are earned out in the above dual-wavelength 
spectrophotometry, a new relation will be attained by eliminating the coefTicient b^■^ described above. Namely, the 
coefficient bg/b-, can be eliminated by utilizing no dependence of the coefficient b2/b^ on the detection positions. Further, 
^ it is a matter of course that the above-stated method can be expanded to multiple-wavelength spectrophotometry using 
light having three or nrK>re wavelengths. 

(Measurements of spatial distribution of concentration of absorptive constituent) 

^ The measurement of spatial distribution of concentration of absorptive constituent is achieved by performing the 

above-stated measurement at multiple points. This measurement according to the present invention enables meas- 
urements with the scattering media of various shapes having non-reentrant contours. Specific application examples 
include the photo-mammography, fluoroscopes, optical CT, and so on. These examples employ the methods such as 
the light reception at multiple points, scanning of light incidence positk>n and light receiving positk)n, and the time- 

^ sharing measurement as occasion may demand. The features of these measurements are the capability of measuring 
the spatial distribution of concentratton of specific absorptive constituent, the spatial distribution of difference between 
absorptive constituents of the measured medium for the light of two wavelengths, the spatial distributbn of temporal 
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change of concentration of specific absorptive constituent, and so on, as described above. These pieces of information 
are utilized in the clinical monitor, diagnosis or analysis, and surgery or cure. 

(Embodiments) 

5 

Embodiments of the present invention will be described with reference to the accompanying drawings. It is, how- 
ever, noted that in the following description the same elements will be denoted by the same reference symbols and 
redundant description will be omitted. 

10 Embodiment 1 

Fig. 2 shows the first embodiment of the apparatus of the present invention for carrying out the method of the 
present invention and illustrates the configuration of apparatus 1 for measuring the temporal change of concentration 
of absorptive constituent inside scattering medium 2. In this configuration of apparatus 1 , modulated light of predeter- 

IS mined wavelength X and modulation frequency f (the nrxxJulation angular f requency a)= 27cf) is made incident on position 
P (light incidence position) in the surface of scattering medium 2 and the light having propagated inside the scattering 
medium 2 is received at another position Q (photodetection position) in the surface. Then a change in the concentration 
of an absorptive constituent inside the scattering medium is quantified by repetitivety carrying out measurements. In 
this case, the change in the concentration of the absorptive constituent can be quantified by taking a concentration of 

20 the absorptive constituent in the first measurement as a reference value. The measuring apparatus 1 is integrally 
housed in one casing. 

A laser diode or the like is used as light source 10, and the modulated light of wavelength X and predetermined 
modulation angular frequency (o is generated thereby. In this case, the wavelength is selected depending upon the 
scattering medium and the absorptive constituent to be measured. In measurements of living body, oxygenated and 

2S deoxygenated hemogk3bin and oxygenated and deoxygenated myogk>bin is often measured and absorption spectra 
of those absorptive constituents are shown in Fig. 3. Therefore, the light of 600 nm to 1 .3 ^m is nornrially used in the 
measurements of living body. The modulation frequency f is property selected in the range of 1 MHz to 1 GHz. This 
nrxxJulation frequency is preferably as high as possible in measurements of spatial distribution. In the following, f = 100 
MHz. The light source 10 can also be selected from the light^mitting diode, HeNe laser, and so on, as well as the 

30 laser diode. 

Sinusoidal modulated light of the predetermined angular frequency is generated by current modulation of the laser 
diode as shown in Figs. 4A and 4B. The sinusoidal modulated light can also be generated by beat of two cw lasers or 
by use of an optical modulator, as shown in Figs. 4C and 4D and in Figs. 4E and 4R 

The modulated light emitted from the light source 10 is incident through light guide 12 to the surface of scattering 

35 medium 2, which is a measured object. The space between the light guide 12 and the scattering medium 2 is very 
small in the embodiment of Fig. 2. In practrce, however, this space may be widened and may be filled with a liquid 
substance or a jelly substance (which will be called an interface material) having the refractive index and scattering 
coefficient neariy equal to those of the scattering medium 2. Namely, the modulated light propagates in this interface 
material to enter the measured object without posing any problem. If reflection on the surface of scattering medium is 

40 problematic, influence of the surface reflectk)n or the like can be decreased by properly selecting the interface material. 

The modulated light having propagated inside the scattering medium is received by light guide 1 3 kx^ated at position 
Q the distance r apart from the aforementioned light inckfence position P. The interface material may also be employed 
herein for the same reason as above. Photodetector 14 converts an optical signal of the light received into an electric 
signal, amplifies it if necessary, and outputs a measurement signal. The photodetector 14 may be selected from a 

45 phototube, a photodiode, an avalanche photodiode. a PIN photodiode, and so on, in additkxi to a photomultiplier tube. 
In selection of the photodkxie, it needs to have the spectral sensitivity characteristk:s for detecting the light of prede- 
termined wavelengths and necessary time response speed. For weak light signals, a high-gain photodetector is used. 
Further, the time correlation photon counting method for counting photons may be applied. The other places than the 
light receiving surface of photodetector are desirably constructed in structure for absorbing or intercepting the light. 

50 Signal detecting section 1 5 detects a signal of the predetermined modulation frequency component from the afore- 

mentioned measurement signal. Specifically, the monodyne detectkxi, heterodyne detection, or kx:k-in detection, well 
known, is used. In this case, the signal detecting sectbn 15 utilizes a signal synchronized with the nnodulated light 
emitted from the light source 10 as occasion derrtands. First arithmetk: section 16 calculates the amplitude A and the 
incllnatbn (derivative) dO/d(d of phase O against the nrxxJulation angular frequency from the foregoing signal of the 

55 predetermined modulation frequency component. Then the above measurement is carried out repetitively. Now, let us 
consider the m-th and (m + 1)-th measurements. 

Second arithmetic sectkjn 17 substitutes two sakJ amplitudes A^ and A^^ obtained in the m-th and (m + 1)-th 
measurements, and an inclination of phase d^Vdool^xa obtained from two said inclinatkxis of phase into aforementbned 
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Eq, (7.3) to calculate a change amount of absorption coefficient of scattering medium 2, ^a(m+i) " (primary infor- 
mation), and further calculates a change amount of absorptive constituent by use of aforementioned Eq. (12). 

At this time, for calculating the inclination of phase dO/do>\\i^, aforementioned Eq. (8) Is used and sufficient accu- 
racy Is achieved with p = 1/2. Since f = 1 00 MHz, the approximation dO/dm ^ <b/cs> nnay be applied as described above. 

5 In the case of f > 1 00 MHz, measurements are conducted with the modulated light of two nrKxiulatlon angular frequencies 
ffl = ©, ± AaV2 (> 0) and da>/9©l^3 Is calculated using aforementioned Eq. (10). These arithmetic processes are exe- 
cuted at high speed by microcomputers Incorporated in the first and second arithmetic sections. 

The second arithmetic section 1 7 has a function to store the concentration information of absorptive constituent 
thus obtained and display/recording means 1 8 Is a section for displaying or recording these Information pieces. 

10 The above arrangement used the modulated light of one wavelength, but modulated light of two or more wave- 

lengths may also be utilized in practice. Further, It is also possible to make the light incident to one position and to 
detect the propagating light at two or more positions. These may be detected In parallel or In time division. 

The means for making the light inckient to the scattering medium 2, Instead of the light guide 12 shown In Fig. 2, 
may be selected from a method with a condenser lens (Fig. 5A), a method using an optk:al fiber (Fig. 5B), a method 

15 utilizing a pinhole (Fig. 5C). a method for making the light incident from Inside a body like a gastrocamera (Fig. 5D), 
and so on. A thick beam of tight may also be made inckient to the scattering medium 2. In this case, the light source 
may be regarded as an array of plural spot light sources. 

The means for detecting the light having diffuse-propagated Inside the scattering medium 2, other than the method 
using the light guide 1 3 shown In Fig. 2, may be selected from a method for directly detecting it (Fig. 6A). a method 

20 using an optical fiber (Fig. 6B), a method using a lens (Fig, 6C), and so on. 

The above first arithmetic section 16 was described as to the case for calculating the amplitude A and Inclination 
do/doa of phase ^ against modulation angular frequency from the signal of the predetermined modulaton frequency 
component. However, it may also calculate from the signal of the predetermined modulation frequency component 
either one combinatbn of (i) the sine component with the inclination (derivative) of cosine component against modu- 

25 latbn angular frequency, (ii) the cosine component with the Inclination (derivative) of sine component against nnodu- 
latbn angular frequency, or (lii) the phase with the inclination (derivative) of natural bgarithm of amplitude against 
modulation angular frequency, as described previously. In that case, 'amplitude A, inclination do^oof phase <l> against 
modulation angular frequency, and Eq. (7.3)' in above Embodiment 1 should read (i) "sine component, inclination 
(derivative) of cosine component against modulatkxi angular frequency, and Eq. (7.1),' (ii) "cosine component, Incll- 

50 nation (derivative) of sine component against modulation angular frequency, and Eq. (7.2)," or (ill) "phase, inclination 
(derivative) of natural togarithm of amplitude against modulation angular frequency, and Eq. (7,4),* Accordingly, the 
first embodiment stated herein can quantify the change of concentration of absorptive constituent according to Eqs. 
(7.1) to (7.4). 

^ Embodiment 2 

Measurements are carried out in the same manner as In above Embodiment 1 except for synchronous scanning 
of the light InckJence position P and photodetection position Q of the modulated light relative to the scattering medium 
2, and the reference value is a concentration of the absorptive constituent at an arbitrary position, whereby a spatial 

40 distribution of concentratk>n difference from the reference value can be measured. Also in this case, similarly as in 
above Embodiment 1 , the spatial distribution of difference of concentration of absorptive constituent from the reference 
value can be measured using Eqs. (7.1) to (7.4). 

Fig. 7 shows the second embodiment of the apparatus of the present invention for carrying out the method of the 
present invention and Illustrates the configuratton of apparatus 1 (mammography) for measuring the spatial distrlbutbn 

45 of concentratbn of absorptive constituent inskJe the scattering medium 2 like the breast. In Fig. 7 the components 
having the same functions as those shown in Fig. 2 associated with the aforementkxied first embodiment are denoted 
by the same symbols. The modulated light of predetermined wavelength X and modulation frequency f (the nrradulation 
angular frequency g> = 27Cf) Is made InckJent to the surface of scattering medium 2 and the light having propagated 
inskJe the scattering medium is received at the position in the surface on the opposite s\6e. On this occask>n, the 

50 measurement is conducted while synchronously moving the Inckience positk)n and photodetection position of the mod- 
ulated light. Then, for example, using a concentratbn of the absorptive constituent in the measurement at the first 
position (the first light incidence position and first photodetection position) as the reference value, the spatial distributkxi 
of concentration difference of absorptive constituent can be measured. 

The apparatus 1 shown in Fig. 7 associated with the second embodiment has first mechanrcal section 30 for lightly 

55 nipping the scattering medium 2 in parallel. Namely, the first mechanical section 30 enables the scattering medium 2 
like the breast to be measured in a slightly flattened state. This first mechank:al sectbn 30 is equipped with second 
mechanical sectbn 31 for synchronously moving the incidence positbn and photodetectbn position of the modulated 
light. Then this second mechanrcal section 31 outputs position signals indicating scanning positions and the position 
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signals are supplied to the display/recording section 1 8 to be utilized for display or recording of the spatial distribution. 
Wavelength selector 11 is disposed in the post-stage of light source 10 for emitting the modulated light, so that mod- 
ulated light of a desired wavelength can be selected with necessity. The other portions are the same as in the apparatus 
of the first embodiment described above. 
s The above arrangement used the modulated light of one wavelength, but modulated light of two or more wave- 

lengths may be used in practice. Further, it is also possible to make the light incident to one light incidence position 
and to detect the propagating light at two or more photodetection positions simultaneously or in time division. 

Embodiment 3 

10 

Fig. 8 shows the third embodiment of the apparatus of the present invention for carrying out the method of the 
present invention and illustrates the configuration of the apparatus for measuring the concentration of absorptive con- 
stituent inside the scattering medium 2. In Fig. 8 the components having the same functions as those in Fig. 2 associated 
with the first embodiment and in Fig. 7 associated with the second embodiment are denoted by the same symbols. 

15 This configuration is arranged to use the modulated light of two wavelengths and and two photodetection distances 
r^ and r2. In this case, Eq. (15) described previously holds for each of measurements at the two photodetection distances 
r^ and Accordingly, the difference between the absorptbn coefficients of the measured scattering medium 2 for the 
light of two wavelengths, 10^2 * Mai » can be obtained by eliminating the coefficient in Eq. (15) from simultaneous 
equations comprised of two equations based on Eq. (15). In this example, since the modulated light of two different 

20 wavelengths, at which the scattering coefficients are equal to each other or are regarded as equal to each other, is 
made incident to the scattering medium, k in aforementioned Eq. (15) can be k = 1 and Ink is eliminated therefrom. 
For media of simple shape, k = ^'si/^W ^riay be assumed as described previously. From the above, the difference 
- between the absorption coefficients of the medium containing a specific absorptive constituent for the light of the 
two wavelengths is calculated from Eq. (15) and the concentration of the absorptive constituent in the scattering medium 

25 can be quantified based on the retatbn shown in Eq. (1 3). 

The light source 10 is a laser diode or the like and generates the modulated light of the two different wavelengths 
X] and and, for example, the modulation frequency f = 100 MHz. The nrxxJulated light from the light source 10 is 
subjected to wavelength selection by the wavelength selector 11 and is gukied through the light guide 12 to the surface 
of scattering medium 2 being the measured object. In this case, the apparatus may employ a method for making the 

30 modulated light beams of two wavelengths incident simultaneously and in this arrangement the wavelength selector 
11 is omitted. 

The space between the light guide 12 and the scattering medium 2 is very small in the embodiment of Fig. 8. In 
practice, however, this space may be widened and rt may be filled with a llqukJ substance or a jelly substance (which 
will be called an interface material) having the refractive index and scattering coefficient nearly equal to those of the 
35 scattering medium 2, as in the first embodiment. Namely, the rrxxiulated light propagates in this interface material to 
enter the measured object without posing any problem. If reflectbn on the surface of scattering medium is problematic, 
influence of the surface reflectk)n or the like can be decreased by property selecting the interface material. 

The light having propagated inside the scattering medium 2 is received by first and second light guides 13^, ISg 
placed at the positions (photodetection positions) the distances r^ and T2 apart from the light incidence position. The 
40 interface material may also be used herein for the same reason as above. 

The first photodetector 14, and second photodetector 142 convert respective light signals of the light received into 
electric signals, amplify them If necessary, and output measurement signals as to the measurements at the two pho- 
todetection distances r^ and The photodetectors 14,, 142 ^® selected from the phototubes, photodiodes, av- 
alanche photodiodes, PIN photodkxies, and so on, in addition to the photomultiplier tubes. In selection of the photo- 
ns detectors, they need to have the spectral sensitivity characteristics for detecting the light of predetermined wavelengths 
and necessary time response speed. For weak light signals, high-gain photodetectors are used. Further, the time 
correlation photon counting method for counting photons may be applied. The places other than the light receiving 
surfaces of the photodetectors are desirably constructed in the structure for absorbing or intercepting the light. In the 
case wherein the modulated light of the two wavelengths is made incident simultaneously to the scattering medium as 
50 described above, wavelength selecting filters (not illustrated) are set at suitable positions between the photodetectors 
14i, 142 and the scattering medium 2. 

The signal detecting section 15 and first arithmetic section 16 execute the folbwing arithmetic based on the fore- 
going measurement signals respectively obtained in the measurements at the two photodetection distances r^ and rg. 
First, the signal detecting section 1 5 detects signals of the respective predetermined modulation frequency components 
55 from the measurement signals respectively obtained for the modulated light of the two wavelengths. In this case, the 
signal detecting section 1 5 utilizes a signal synchronized with the nrxxJutated light emitted from the light source 10 as 
occasion may demand. Next, the first arithmetic section 16 calculates the amplitudes A and inclinations (derivatives) 
d^d(o of phase against modulation angular frequency from the respective signals of the predetermined modulation 
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frequency components obtained for the nrxxJulated light of the two wavelengths. 

The second arithmetic section 1 7 substitutes the above respective amplitudes A obtained at the two photodetect bn 
distances for the modulated light of the two wavelengths, and the inclinatbns of phase dOVdolpy obtained from the 
above respective inclinations of phase into aforementioned Eq. (15), solves simultaneous equations comprised of two 

s equations obtained for the measurements at the two photodetection distances r^ and r2, calculates the difference 
- Mai (prinnary information) between the absorptive coefficients of the scattering medium 2 for the light having the two 
wavelengths, and further calculates the concentratbn of the absorptive constituent by use of aforementioned Eq. (1 3). 
For calculating the inclination of phase d^/da)l|i^3, aforementioned Eq. (8) is applied and sufficient accuracy is secured 
with p = 1/2. Since f = 100 MHz, approximation dCi/do) ^ca may be applied as described above. In the case of f > 

10 100 MHz, measurements are conducted with the modulated light of the two modulatbn angular frequencies g}-o^± 
AaV2 (> 0) and dO^mlp^ is calculated using aforementbned Eq. (10). These arithmetic processes are carried out at 
high speed by microcomputers incorporated in the first and secoid arithmetic sections. 

The above second arithmetic section 17 has a function to store the concentration information of absorptive con- 
stituent thus obtained and the display/recording means 18 is a section for displaying or recording these. 

1^ In the case wherein incident light intensities of the modulated lightof the two wavelengths and to the scattering 

medium 2 are equal to each other or can be controlled so as to be equal, the second photodetector 1 42 can be omitted. 
In this case, the coefficient bg/b^ in aforementioned Eq. (15) becomes bg/b^ = 1 and \n{b2/b^) is eliminated therefrom. 
Thus, the difference 10^2 - Mai (primary infonmation) between the absorption coefficients of scattering medium 2 for the 
light of the two wavelengths can be calculated directly from Eq. (15) and the concentration of absorptive constituent 

20 can be further calculated using aforementioned Eq. (13). 

The above described the method for nnaking the light incident to one position and detecting the light at the two 
other positions. In practice, however, tight beams of different wavelengths may be made incident at two positions and 
the light may be detected at another position in parallel or in time division. 

The above third embodiment may employ either the method for nnaking the light including beams of different wave- 
rs lengths incident or the method for making the beams of different wavelengths incident in time division and using each 
beam. In the former case, either one method is selected from a method for forming coaxial beams of the light of the 
different wavelengths and selecting the wavelength by a wavelength selecting filter provkied immediately before the 
light incidence positbn, a niethod for making the beams incbent to the scattering medium as they are and selecting 
the wavelength by a wavelength selecting filter provided immediately before the photodetector, a method for splitting 

30 each detected light into two beams, subjecting them to wavelength selection, and detecting them in parallel by totally 
four photodetectors. In the latter case, either one devbe may be used from a light beam switching device using a mirror 
on the light source side, a wavelength switching device using a filter, a light switching device using an optical switch, 
and so on. The means for making the light incbent to the scattering medium and the means for detecting the light 
having diffuse-propagated inside the scattering medium may be selected from those listed in the first embodiment. 

3S The above first arithmetic section 1 6 was described as to the case for calculating the amplitude A and inclination 

dofdm of phase O against modulation angular frequency from the signal of the predetermined modulation frequency 
component. However, it may calculate from the signal of the predetermined modulation frequency component either 
one combination of (i) the sine component with the inclination (derivative) of cosine component against modulatbn 
angular frequency, (ii) the cosine component with the inclination (derivative) of sine component against nrxxiuiatbn 

40 angular frequency, or (iii) the phase with the inclinatbn (derivative) of natural logarithm of amplitude against nrxxiulatbn 
angular frequency, as described previously. In that case, "amplitude A, inclination dOVdcoof phase O against rTX>dulatbn 
angular frequency, and Eq. (15)" in above Embodiment 3 should read (i) "sine component, inclinatkxi (derivative) of 
cosine component against modulation angular frequency, and a similar equatbn to Eq. (15), derived from Eq. (5.1)," 
(ii) "cosine component, inclination (derivative) of sine component against modulation angular frequency, and a similar 

45 equation to Eq. (15), derived from Eq. (5.2)," or (iii) "phase, inclinatbn (derivative) of natural logarithm of amplitude 
against modulatbn angular frequency, and a similar equation to Eq. (15), derived from Eq. (5.4)." Specifically, where 
b^ = b2 and = the above similar equatbns to Eq. (15) are Eq. (7.1) in the case of (i), Eq. (7.2) in the case of 
(ii), and Eq. (7.4) in the case of (iii). Accordingly, the third embodiment described herein can quantify the concentration 
of absorptive constituent by the four methods. 

50 In the above third embodiment, when beams of three wavelengths are used, it becomes possible to measure 

concentrations of respective absorptive constituents in a scattering medium containing two types of absorptive con- 
stituents or to measure a concentration of one absorptive constituent and a total concentration of the other absorptive 
constituents in a scattering medium containing multiple types of absorptive constituents. For example, oxygenated 
hemoglobin and deoxygenated hemogbbin has different absorptbn coefficients depending upon the wavelengths, as 

55 shown in foregoing Fig. 3. Therefore, concentratbns of these, and in additbn, oxygen saturation or the like, can be 
measured by use of light of three wavelengths properly selected. In general, when light of n (where n is an integer of 
2 or more) wavelengths is used, concentrations of (n - 1) types of absorptive constituents can be measured. Further, 
the accuracy of concentration measurement of (n - 1) types of absorptive constituents can be improved by using light 
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of (n + 1 ) or more types of wavelengths. 

When the above measurement is carried out at different times (timings), a temporal change of concentration of a 
specific absorptive constituent can be measured. Further, a spatial distribution of concentration can be measured by 
synchronously moving the incidence position of light to the scattering medium and the photodetection position and 
s measuring the concentration of absorptive constituent in each portion of the scattering medium. The above second 
arithmetic section 1 7 may be arranged to have a function to store the concentration information of absorptive constituent 
obtained in this way 

Embodiment 4 

10 

Fig. 9 shows the fourth embodiment of the apparatus of the present invention for carrying out the method of the 
present invention and illustrates the configuration of the apparatus for measuring or monitoring a concentration of 
oxygenated henrx^globin inside the scattering medium 2 like the human head or an oxygen saturation of hemoglobin 
(a ratb of concentration of oxygenated hennoglobin to concentration of the whole hemoglobin). This fourth embodiment 
employs rrxxiulated light of three wavelengths , X3 and two photodetection distances r^ , rg. In this case, similarly 
as in the previous embodiments, three simultaneous equations of the four types are obtained based on either one of 
Eqs. (7.1) to (7.4) described previously. Accordingly, these simultaneous equations are solved, the difference (primary 
information) between absorption coefficients at each wavelength is calculated, and aforementioned Eq. (13) is further 
used to quantify the concentrations of oxygenated and deoxygenated hennoglobin and the oxygen saturation of hemo- 
20 globin or the like. 

The apparatus shown in Fig. 9 is provided with container 40 having a mounting band attached around the head 2 
like a hair band, and external device 41 incorporating a signal detecting section, a first arithmetic sectk>n, a second 
arithmetic section, and a display/recording section is connected through cable 42 to the container 40. Ttie apparatus 
shown in this embodiment uses the light of three predetermined wavelengths X,, A2, A3 and the operation thereof and 

25 each component device are almost the same as in the apparatus of the third embodiment. Fig. 1 0 illustrates the details 
of one portbn of the apparatus shown in foregoing Fig. 9, i.e., the details of the inskJe of container 40. 

As shown in Fig. 10, the light source 10, wavelength selector 11, first photodetector 14^, second photodetector 
1 42, and light gukies 1 2, 1 3^ , 1 32 are built in the container 40 arKl the nrxxJutated light of the predetermined wavelengths 
Aq, A3 emitted from the light source 10 is subjected to wavelength selection by the wavelength selector 11 to be 

30 incident through the light gukle 1 2 to the head 2. On this occasion, the three wavelengths are properly selected referring 
to the absorptkMfi spectra of hemogtobin shown in aforementbned Fig. 3. 

The light having diffuse-propagated inskie the head 2 is received by the light guides 1 3^ , 1 32 placed at the positions 
(photodetection positions) the distances r^ and rg apart from the aforementk>ned light inckfence posit kxi, is converted 
into electric signals by the first photodetector 14| and second photodetector 142, amplified if necessary. The 

35 power (power supply) and varbus signals are transmitted through connector 43 and signal cable 42 attached to the 
container 40 from the extemal devrce 41 and to the external device 41. The signal detecting sectk)n. first arithmetb 
sectbn, second arithmetk: section, and display/recording sectkjn (none of which is illustrated) placed in the external 
device 41 perform the same signal detectk>n and arithmetics for the three wavelengths and the two photodetection 
distances as in the above third embodiment. 

40 In the present embodiment, two simultaneous equations of the four types, similar to aforementioned Eq. (15), hold 

for signals obtained at the wavelengths A^ and A^ and at the wavelengths A^ and A3, signals obtained at the wavelengths 
A^ and A2 and at the wavelengths A2 and A3, or signals obtained at the wavelengths A^ and A3 and at the wavelengths 
A2 and A3. The above arithmetic processes are carried out at high speed by microcomputers or the like incorporated 
in the first and second arithmetk: sectk>ns. Further, the signals in the container 40 can be converted into radb waves 

4S or light signals and they can be transmitted to the external device 41 without inten^entbn of signal cable. 

In the present embodiment described above, the light source, light incidence section, and photodetection means 
may be selected from those listed in the first embodiment. With the human head or the like, the surface reflect kxi or 
the gap between the light guides and the head might pose a problem. In this case, the aforementbned interface material 
may be utilized well. In this case, removing the light gukies shown in Fig. 10, the interface material having the scattering 

50 coefficient and absorptbn coefficient nearly equal to those of the measured object may be positioned between the 
head 2 and the wavelength selector 11 and between the head 2 and the photodetectors 14^ and 142. 

The apparatus as described can be used not only for the measurement of information in the brain, but also for 
measurement or monitoring of concentration of oxygenated hemogtobin in a leg muscle of a man in marathon, for 
example. 

55 

Embodiment 5 

The fifth embodiment is arranged so that the modulated light of the three wavelengths X,, A2, A3 emitted from the 
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light source in the above fourth emlxxiiment is replaced by modulated light of a predetermined repetition frequency of 
an arbitrary waveform. Namely, the fourth embodiment used the sinusoidal modulated light of the predetermined an- 
gular frequency, but the modulated light may be of any waveform if it contains a specific frequency component, whereby 
the approach of the fourth embodiment can be applied as It is, to the specific frequency component contained in the 
light For example, in the case of repetitive pulsed light, there are frequency components of the same frequency as 
the repetition frequency and integral multiples thereof and. therefore, the approach of the fourth embodiment can be 
applied to either one frequency component as it is. The performance that the modulated light of the predetermined 
repetition frequency Is required to have is the stable repetition frequency and stable light intensity. 

As described above, the absorption information measuring methods and apparatus of scattering medium according 
to the present invention enable to efficiently measure the concentration change or the absolute concentration of ab- 
sorptive constituent inside the scattering medium of an arbitrary shape comprised of non-reentrant surfaces. Further, 
the present invention enables to measure the spatial distribution of the concentratbn change and the temporal change 
and spatial distribution of concentration. Further, since the methods and apparatus of the present invention utilize the 
modulated light, the utilization factor of light Is high and signal4o-noise ratios are large, thus achieving the high meas- 
urement accuracy. Therefore, the methods and apparatus of the present invention allow accurate and efficient real- 
time measurements of oxygen amounts In the brain, oxygen amounts in a leg muscle of a man under rrK^tion, concen- 
trations of absorptive constituents in a living tree, and so on. 

From the invention thus described, it will be obvious that the invention may be varied in many ways. Such variations 
are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications as would 
be obvious to one skilled in the art are intended for inclusion within the scope of the following claims. 

The basic Japanese Application No. 230683/1996(8-230683) filed on August 30, 1996 is hereby incorporated by 
reference. 



Claims 

1 . An absorption information measuring method of scattering medium comprising: 

making modulated light having a predetermined modulation frequency component, incident in a spot shape 
to a surface of a scattering medium being a measured object; 

receiving said rrKxJulated light having propagated inside the measured object at a plurality of timings andAor 
at a plurality of positions in the surface of said scattering medium to acquire measurement signals each thereat; 
detecting signals of sakj modulation frequency component each from said measurement signals; 
obtaining sine components and incllnatkxis of cosine component against modulation angular frequency, of 
the signals of saki modulatbn frequency component obtained in respective measurements at saki plurality of 
timings and/or at said plurality of posrtk>ns; and 

based on a predetermined relatkxi anrK>ng said sine components, said inclinations of cosine component against 
modulatbn angular frequency, and a difference between absorptk>n coefficients at said plurality of timings 
and/or at said plurality of positions, cak:ulating sakJ difference between absorption coeffk:ients being primary 
infonnation. 

2. An absorption information measuring method of scattering medium comprising: 

making modulated light having a predetermined modulation frequency component, irK:ident in a spot shape 
to a surface of a scattering medium being a measured object; 

receiving said nnodulated light having propagated inside the measured object at a plurality of timings and^r 
at a plurality of positions in the surface of said scattering medium to acquire measurement signals each thereat; 
detecting signals of sakJ modutatk>n frequency component each from said measurement signals; 
obtaining cosine components and inclinatbns of sine component against modulation angular frequency, of 
the signals of said modulatkxi frequency component obtained in respective measurements at sakJ plurality of 
timings and/or at said plurality of positbns; and 

based on a predetermined relation anrK>ng said cosine components, said inclinations of sine component against 
modulation angular frequency, and a difference between absorptkxi coefficients at said plurality of timings 
and/or at said plurality of positions, cak;ulating saki differerrce between absorption coeffrcients being primary 
infomnation. 

3. An absorption information measuring method of scattering medium comprising: 
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making modulated light having a predetemnined modulation frequency component, incident in a spot shape 
to a surface of a scattering medium being a measured object; 

receiving said rrKxiulated light having propagated inside the measured object at a plurality of timings and/or 
at a plurality of positions in the surface of said scattering medium to acquire measurement signals each thereat; 
detecting signals of said modulation frequency component each from said measurement signals; 
obtaining amplitudes and inclinations of phase against modulation angular frequency, of the signals of said 
modulation frequency component obtained In respective measurements at said plurality of timings and^r at 
said plurality of positions; and 

based on a predetermined relation among said amplitudes, said inclinations of phase against modulation an- 
gular frequency, and a difference between absorption coefficients at said plurality of timings and/or at said 
plurality of positions, calculating said difference between absorption coeffictents being prinnary information. 

An absorption Information measuring method of scattering medium comprising: 

making modulated light having a predetemnined modulation frequency component. Incident In a spot shape 
to a surface of a scattering medium being a measured object; 

receiving said modulated light having propagated inside the measured object at a plurality of timings and^r 
at a plurality of positions in the surface of said scattering medium to acquire measurement signals each thereat; 
detecting signals of sakJ modulation frequency component each from said measurement signals; 
obtaining phases and inclinations of natural logarithm of amplitude against modulation angular frequency, of 
the signals of said modulation frequency component obtained In respective measurements at said plurality of 
timings and/or at said plurality of posrtbns; and 

based on a predetermined relation among said phases, said inclinations of natural logarithm of amplitude 
against nrxxjulatbn angular frequency, and a difference between absorption coefficients at said plurality of 
timings and/or at said plurality of positions, calculating said difference between absorption coefficients being 
primary information. 

An absorption infornratlon measuring method of scattering medium according to any one of Claims 1 to 4, wherein, 
based on a predetermined relatran among sakJ difference between absorption coefTiclents, an absorption coefficient 
per unit concentratk>n of an absorptive constituent, and a difference of concentration of the absorptive constituent, 
said difference of concentration of said absorptive constituent Is quantified. 

An absorptkjn infomnation measuring method of scattering medium comprising: 

making a plurality of modulated light beams having a predetermined modulatbn frequency component and 
having different wavelengths at which scattering coefficients of a measured object are substantially equal to 
each other, incident In a spot shape to a surface of a scattering medium being the measured object; 
receiving sakJ modulated light beams having propagated inside the measured object at a predetermined po- 
sition in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; 
detecting signals of said modulation frequency component each from said measurement signals; 
obtaining sine components and Inclinations of cosine component against rtKxJulatlon angular frequency, of 
the signals of said modulation frequency component obtained for said respective wavelengths; and 
based on a predetermined relatkxi among said sine components, said inclinations of cosine component against 
riKxiulation angular frequency, and a difference between absorption coeffictents at sakl respective wave- 
lengths, calculating said difference between absorption coefficients being primary information. 

An absorption infomr\ation measuring method of scattering medium comprising: 

making a plurality of modulated light beams having a predetermined modulatbn frequency component and 
having different wavelengths at which scattering coefficients of a measured object are substantially equal to 
each other. Incident in a spot shape to a surface of a scattering medium being the measured object; 
receiving sakJ modulated light beams having propagated Inside the measured object at a predetermined po- 
sition In the surface of said scattering medium to acquire measurement signals for said respective wavelengths; 
detecting signals of said modulatbn frequency component each from said measurement signals; 
obtaining cosine components and Inclinations of a sine component against modulation angular frequency, of 
the signals of said modulatbn frequency component obtained for said respective wavelengths; and 
based on a predetermined relation among said cosine components, said inclinations of sine component against 
nrxxlulatbn angular frequency, and a difference between absorption coefficients at sab respective wave- 
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lengths, calculating said difference between absorption coefficients being primary infonmation. 

8. An absorption information measuring method of scattering medium comprising: 

s making a plurality of modulated light beams having a predetermined modulation frequency component and 

having different wavelengths at which scattering coefficients of a measured object are substantially equal to 
each other, Incident in a spot shape to a surface of a scattering medium being the measured object; 
receiving said nrKxJulated light beams having propagated inside the measured object at a predetermined po- 
sition in the surface of said scattering medium to acquire measurement signals for said respective wavelengths; 

10 detecting signals of said modulation frequency component each from said measurement signals; 

obtaining amplitudes and inclinations of a phase against nrKxiulation angular frequency, of the signals of said 
modulation frequency component obtained for said respective wavelengths; and 

based on a predetermined relation among said amplitudes, said inclinations of phase against modulation an- 
gular frequency, and a difference between absorption coefficients at said respective wavelengths, calculating 
IS said difference between absorption coefficients being primary information. 

9. An absorption information measuring method of scattering medium comprising: 

making a plurality of modulated light beams having a predetemnined modulatksn frequency component and 
20 having different wavelengths at whk^h scattering coefficients of a measured object are substantially equal to 

each other, Incident In a spot shape to a surface of a scattering medium being the measured object; 
receiving said oKxiulated light beams having propagated inside the measured object at a predetenmlned po- 
sition In the surface of said scattering medium to acquire measurement signals for said respective wavelengths; 
detecting signals of said modulatbn frequency component each from said measurement signals; 
25 obtaining phases and inclinations of natural logarithm of amplitude against nrxxJulation angular frequency, of 

the signals of sakJ modulatbn frequency component obtained for said respective wavelengths; and 
based on a predetermined relation among said phases, said inclinations of natural logarithm of amplitude 
against modulation angular frequency, and a difference between absorption coefficients at said respective 
wavelengths, calculating said difference between absorption coefficients being primary Information. 

30 

1 0. An absorption information measuring method of scattering medium according to any one of Claims 6 to 9, wherein, 
based on a predetermined relation among said difference between absorption coefficients, absorptkxi coefficients 
per unit concentration of an absorptive constituent at said respective wavelengths, and a concentration of the 
absorptive constituent, sakf concentration of the absorptive constituent Is quantified. 

11. An absorptbn informatran measuring method of scattering medium according to any one of Clalnns 6to 10, wherein 
said measurement signals are a plurality of measurement signals obtained when the light beams are received at 
a plurality of positions in the surface of said measured object. 

12. An absorptkxi information measuring apparatus of scattering medium comprising: 

a light Incidence section for making modulated light having a predetermined modulation frequency component, 
incident in a spot shape to a surface of a scattering medium being a measured object; 
a photodetectlon section for receiving sab modulated light having propagated Insbe the measured object at 
45 a plurality of timings and/or at a plurality of positbns in the surface of sab scattering medium to acquire meas- 

urement signals each thereat; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating sine components and inclinations of cosine component against mod- 
50 ulation angular frequency, of the signals of sab modulation frequency component obtained in respective meas- 

urements at said plurality of timings and/or at sab plurality of positions; and 

a second arithmetic section for. based on a predetermined relation among sab sine components, said incli- 
nations of cosine component against modulation angular frequency, and a difference between absorptbn co- 
efficients at said plurality of timings and/or at sab plurality of positions, calculating sab difference between 
55 absorption coefficients being primary information. 
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13. An absorption information measuring apparatus of scattering medium comprising: 
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a light incidence section for making modulated light having a predetermined nrKxlulation frequency component, 
Incident in a spot shape to a surface of a scattering medium being a measured object; 
a photodetection section for receiving said modulated light having propagated inside the measured object at 
a plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire meas- 
urement signals each thereat; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating cosine components and inclinations of sine component against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained In respective meas- 
urements at said plurality of timings and/or at said plurality of positions; and 

a second arithmetic section for, based on a predetermined relation anrtong said cosine components, said in- 
clinations of sine component against nrodulatlon angular frequency and a difference between absorption co- 
efficients at said plurality of timings and/or at said plurality of positions, calculating said difference between 
absorption coefficients being primary Information. 

14. An absorption Information measuring apparatus of scattering medium comprising: 

a light Incidence section for making nrxxlulated light having a predetermined modulation frequency component, 
incident In a spot shape to a surface of a scattering medium being a measured object; 
a photodetection section for receiving sakl modulated light having propagated Inside the measured object at 
a plurality of timings and/or at a plurality of positbns in the surface of said scattering medium to acquire meas- 
urement signals each thereat; 

a signal detecting sectbn for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating amplitudes and inclinations of phase against modulation angular fre- 
quency, of the signals of said modulation frequency component obtained In respective measurements at said 
plurality of timings and/or at said plurality of positbns; and 

a second arithmetic sectbn for, based on a predetemnined relation among said amplitudes, said inclinations 
of phase against modulation angular frequency, and a difference between absorption coefficients at said plu- 
rality of timings and/or at said plurality of positbns, calculating said difference between absorption coefficients 
being primary information. 

15. An absorptbn information measuring apparatus of scattering medium comprising: 

a light incidence section for making modulated light having a predetermined modulation frequency component. 
Incident In a spot shape to a surface of a scattering medium being a measured object; 
a photodetection section for receiving sakJ modulated light having propagated inside the measured object at 
a plurality of timings and/or at a plurality of positions in the surface of said scattering medium to acquire meas- 
urement signals each thereat; 

a signal detecting sectbn for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetk: sectbn for calculating phases and inclinations of natural logarithm of amplitude against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained in respective meas- 
urements at said plurality of timings and/or at said plurality of positions; and 

a second arithmetic section for, based on a predetermined relation arrong said phases, sakJ inclinations of 
natural bgarithm of amplitude against modulatbn angular frequency, and a difference between absorption 
coefficients at said plurality of timings and/or at said plurality of positions, calculating said difference between 
absorption coefficients being primary information, 

16. An absorption information measuring apparatus of scattering medium according to any one of Claims 12 to 15, 
wherein said second arithmetic section further calculates a difference of concentration of an absorptive constituent, 
based on a predetermined relatk>n annong said difference between absorption coefficients, an absorption coefficient 
per unit concentration of the absorptive constituent, and said difference of concentration of the absorptive constit- 
uent. 

17. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making a plurality of modulated light beams having a predetermined nrKxiulatlon 
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frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 

a photodetection section for receiving said modulated light beams having propagated Inside the measured 
s object at a predetermined position in the surface of said scattering medium to acquire measurement signals 

for said respective wavelengths; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating sine components and inclinations of cosine component against nrKxj- 
10 ulation angular frequency, of the signals of said modulation frequency component obtained tor said respective 

wavelengths; and 

a second arithmetic section for, based on a predetermined relation among said sine components, said incli- 
nations of cosine component against modulation angular frequency, and a difference between absorption co- 
efficients at said respective wavelengths, calculating said difference between absorption coefficients being 
15 primary information. 

18. An absorption information measuring apparatus of scattering medium comprising: 

a light incidence section for making a plurality of modulated light beams having a predetermined nnodulation 
20 frequency component and having different wavelengths at which scattering coefficients of a measured object 

are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 

a photodetection section for receiving said modulated light beams having propagated inside the measured 
object at a predetermined position in the surface of said scattering medium to acquire measurement signals 
25 for said respective wavelengths; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
urement signals; 

a first arithmetic section for calculating cosine components and inclinations of sine component against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained for said respective 
30 wavelengths; and 

a second arithmetic section for, based on a predetermined relation anrK)ng said cosine components, said in- 
clinations of sine component against modulation angular frequency, and a difference between absorption co- 
efficients at said respective wavelengths, calculating said difference between absorption coefficients being 
primary information. 
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19. An absorption information measuring apparatus of scattering medium comprising: 



a light Incidence section for making a plurality of modulated light beams having a predetermined modulation 
frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, inckient in a spot shape to a surface of a scattering medium being the 
measured object; 

a photodetection sectbn for receiving said modulated light beams having propagated inskle the measured 
object at a predetermined position in the suriace of said scattering medium to acquire measurement signals 
for said respective wavelengths; 
^ a signal detecting sectk)n for detecting signals of said modulation frequency component each from said meas- 

urement signals; 

a first arlthmetk; section for calculating amplitudes and inclinations of phase against modulation angular fre- 
quency, of the signals of said nrKxjulatk>n frequency component obtained for said respective wavelengths; and 
a second arithmetic sectkw for, based on a predetemiined relation among said amplitudes, said inclinations 
50 of phase against modulation angular frequency, and a difference between absorption coefficients at said re- 

spective wavelengths, cateulating sakJ difference between absorption coefficients being primary information. 

20. An* absorptk>n information measuring apparatus of scattering medium comprising: 

55 a light incidence section for making a plurality of modulated light beams having a predetermined modulation 

frequency component and having different wavelengths at which scattering coefficients of a measured object 
are substantially equal to each other, incident in a spot shape to a surface of a scattering medium being the 
measured object; 
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a photodetection section for receiving said modulated light beams having propagated inside the measured 
object at a predetermined position in the surface of said scattering medium to acquire measurement signals 
for said respective wavelengths; 

a signal detecting section for detecting signals of said modulation frequency component each from said meas- 
s urement signals; 

a first arithmetic section for calculating phases and inclinations of natural logarithm of amplitude against mod- 
ulation angular frequency, of the signals of said modulation frequency component obtained for said respective 
wavelengths; and 

a second arithmetic section for, based on a predetermined relation among said phases, said inclinations of 
10 natural logarithm of amplitude against modulation angular frequency, and a difference between absorption 

coefficients at said respective wavelengths, calculating said difference between absorption coefficients being 
primary information. 

21. An absorption information measuring apparatus of scattering medium according to any one of Claims 17 to 20, 
^5 wherein the second arithmetic section further quantifies a concentration of an absorptive constituent, based on a 

predetermined relation among said difference between absorption coefficients, absorption coefficients per unit 
concentration of an absorptive constituent at said respective wavelengths, and said concentration of the absorptive 
constituent. 

20 22. An absorption information measuring apparatus of scattering medium according to any one of Claims 17 to 21 , 
wherein said photodetection section comprises a light receiving section capable of receiving the light beams at a 
plurality of positions in the surface of said measured object and wherein said measurement signals are a plurality 
of measurement signals obtained when the light beams are received at the plurality of positions in the surface of 
said measured object. 

25 

23. A system for determining the temporal or spatial variation of an absorption coefficient of an absorption constituent 
contained in a medium, the system comprising: 

irridiating the medium with a radiation signal of a predetermined wavelength or predetermined wavelengths, 
30 the radiation signal being modulated with a modulatbn signal, and detecting radiation in respect of the or each 

wavelength to pass through the medium, to obtain therefrom at least two characteristics of the rrxxiulation 
signal having passed through the medium, and calculating from the characteristics the temporal or spatial 
variation of the absorption coefficient. 
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